Liquid crystal nanoscience, a field exploring the mutually beneficial combination of the unique properties of nanoscale materials and fluid, yet ordered liquid crystalline phases, is increasingly focusing on semiconductor quantum dots. In one major research thrust, the anisotropic properties of the liquid crystal host are sought to facilitate the assembly of quantum dots into arrays, in another, both size-and shape-dependent optical and electronic properties of quantum dots are used to manipulate optical, electro-optical and alignment properties of liquid crystalline materials. This feature article reviews recent accomplishments and new insights in this fascinating area of soft matter nanocomposites including work from our laboratory on a series of CdSe and CdTe quantum dots as additives in nematic liquid crystal hosts.
I. Introduction
Over the last two decades the development of nanomaterials and nanostructures has had tremendous innovative impacts on science and technology. Nanoscale materials with physical dimensions of 1 to 100 nanometers (nm), featuring unique properties different from individual atoms or molecules as well as the bulk, have revolutionized many fields in R&D including catalysis, computing, photonics, energy, and medicine. Along with the 'nanomaterial revolution', the field of liquid crystals (LCs) is a particularly vibrant area benefitting from both the use and advancement of nanomaterials that vary in size, shape, core material, and surface functionality. Liquid crystal nanoscience as a subject can be approached from two major perspectives. One perspective would focus on using reconfigurable liquid crystals either for template-assisted syntheses of nanomaterials or using these self-organizing anisotropic fluids to assemble and manipulate nanoscale materials. The second one would encompass approaches where nanomaterials such as nanoparticles (NPs) have effects on liquid crystals based on Currently he is a postdoctoral research associate in the Liquid Crystal Institute at Kent State. His research focuses on nematic and smectic liquid crystals, displays and micro-optics applications, nano-colloids and self-assembly systems.
very fundamental interactions between liquid crystal host molecules and nanomaterials as dopants. Here, the modulation of optical and electro-optical effects in liquid crystal-nanomaterial composites for potential application in devices such as liquid crystal displays (LCDs) appears to be the main focus. Many important aspects of liquid crystal nanoscience, including studies elucidating the roles of nanomaterial shapes and sizes, were summarized in earlier reviews. [1] [2] [3] [4] [5] [6] The current review will primarily focus on recent developments in the use of semiconductor nanoparticles, also known as quantum dots (QDs), as dopants in LC phases. In addition, we will highlight recent advances in the assembly and organization of QDs in anisotropic LC media.
II. Semiconductor nanoparticles (quantum dots) -a brief overview
Inorganic metal and semiconductor nanoparticles are zerodimensional (quasi-spherical) nanomaterials. Among the various colloidal NPs with diverse core compositions, semiconductor QDs are being extensively developed and studied for their promising applications in medicine (bio-labelling/ imaging, [7] [8] [9] [10] [11] [12] [13] cancer therapy 12, [14] [15] [16] ), photonics (light-emitting diodes, 17-20 lasers 21, 22 ), alternative energy sources (QD-sensitized solar cells [23] [24] [25] [26] [27] [28] ), and possible future QD-based devices (e.g., superconductor nanodevices). [29] [30] [31] QD semiconductors in the range of 2 to 10 nm in diameter are made of hundreds to thousands of atoms of group II and VI elements (e.g., CdSe, CdTe, and ZnO), group III and V elements (e.g., InP and InAs), and group IV-VI elements (e.g., PbS). Their unique sizeand shape-dependent optical and electronic properties differing from the bulk and from the atomic/molecular level are attributed to the 3-dimensional quantum confinement effect, i.e. the strong confinement of electrons and holes in the case where the radius of a particle is below the exciton Bohr radius of the material. [32] [33] [34] In a semiconductor, an electron will be promoted from the valence to the conduction band, leaving a 'hole' or 'absence of an electron' in the valence band upon irradiation by photons with greater energy than the bandgap. Therefore, this 'hole' is assumed to behave as a 'particle' with a certain effective mass and positive charge. The bound state of the electron-hole pair is called an 'exciton'. 35 The relation between the size and the bandgap energy of semiconductor nanocrystals was developed by Luis Brus by applying the particle in sphere model approximation to the bulk Wannier Hamiltonian. 35, 36 According to the approximation, the lowest eigenvalue in a quantum confined system is given by eqn (1).
Here the first two energy terms (E) are the bandgap energies of the quantum dots and bulk solid, respectively. R is the quantum dot radius, m e is the effective mass of the electron in the solid, 'e' is the elementary charge of the electron, 'h -' is Planck's constant, m h is the effective mass of the hole in the solid, and '3' is the dielectric constant of the solid. The middle term and the last term represent the exciton of a 'particle-in-abox-like' and Coulomb attraction of the electron-hole pair, respectively. As we can see, E g of QDs is correlated with the size. As the dimension (R) decreases, the bandgap energy increases. In other words, the smallest QD will emit light with the shortest wavelength (highest energy) as governed by the bandgap. 37 Hence, the photoluminescence (PL) colors of QDs can be tuned by controlling the particle radius. 38, 39 This also means that fluorescence spectroscopy can be utilized to determine the relative size and size distribution of QDs using the emission wavelength, where the relative size distribution is determined by the full-width-at-half-maximum (FWHM) of the emission peak.
40 Fig. 1 shows the size-dependent photoluminescence of semiconductor nanocrystals throughout the visible region of the electromagnetic spectrum.
Despite the fact that the size control of QDs in a given synthesis procedure should allow for different peak emission wavelengths as expected from the bandgap approximation, problems associated with the surface of QDs known as 'surface traps' often cause emission at wavelengths higher than expected. In QDs with very high surface-to-volume ratio, these surface traps are due to imperfections (surface defects) and dangling bonds. Such surface trap sites have their electronic energy states, which are usually localized within the QD's bandgap. 41 This concept was first suggested by Efros and Rosen. 42 Defects on the surface of the QD act as temporary surface traps for an electron or hole (i.e. a charge carrier), leading to non-radiative relaxation, therefore preventing radiative recombination that greatly reduces the quantum yield (Fig. 2a) . 41 The resulting low fluorescence quantum yield, broad fluorescence range and blinking due to the charge recombination pathway are among the major problems in utilizing QDs for optical applications. A review by Carrillo-Carri on and coworkers elaborated on QD luminescence and the important aspects affecting the photoactivation of QDs. 43 One approach to minimize the negative effects of surface traps and increase the quantum yields in QDs is to use a combination of two or more semiconductors or dope one semiconductor with a small quantity of another metallic or semiconductor element. A combination of two or more semiconductors forming heterojunctions in so-called 'core-shell' semiconductor QDs can diminish the instability caused by the abundance of surface states. [44] [45] [46] [47] [48] In these core-shell systems, a semiconductor QD core is surrounded by another semiconducting material with wider bandgap as a shell to passivate the surface states of the nanocrystal (Fig. 2b) . However, the surface trap phenomenon is not always a disadvantage for QDs. One can selectively use controlled trap states to tune the emission of QDs. For example, a bifunctional linker molecule, such as 3-mercaptopropionic acid (MPA), assists in joining the two semiconductors close together with a uniform coverage. 25, 49, 50 By varying the alkyl chain length of the linker molecule, it was shown that electron injection yields increase with decreasing inter-particle separation 51 (Fig. 3) . Thiols, such as MPA, or other ligands noticeably alter the chemical and physical states of the QD surface and affect photophysical properties of semiconductor QDs by interacting with surface atoms.
52-54
In addition, doping of semiconductor nanocrystals with transition-metal ions or other semiconducting elements is another alternative approach to modulate the electronic and optical properties of QDs. Such an approach, in addition, can introduce exotic magnetic and magneto-optical properties in QDs. 55 For instance, doping of non-magnetic CdSe QDs with Mn 2+ leads to the formation of diluted magnetic semiconductors (DMSs). 56 These doped nanocrystals show interesting phenomena such as the giant Zeeman splitting of electronic states and carrier-induced ferromagnetism arising from the sp-d exchange interaction between the transitionmetal ions and the electronic states of the host semiconductor. 55, 57, 58 III. Synthesis of colloidal quantum dots Synthesis efforts to obtain QDs focus on the preparation of QDs with highly desired monodispersity and uniformity of shape (i.e. with narrow FWHM). In the early 1980s, syntheses of QDs in aqueous solutions resulted in broad size distributions of the particles, often characterized by poor luminescence efficiencies. [59] [60] [61] In 1993, Murray and co-workers for the first time
62
synthesized high-quality, monodisperse chalcogenide QDs at high temperature. However, in their method a toxic, unstable and expensive precursor like dimethyl cadmium was used. Since Template-based synthesis of QDs, mainly using lyotropic LC (LLC) phases, is a fascinating topic relevant to the scope of this article to point out some of the most prominent approaches to the synthesis of QDs in liquid crystal media.
Liquid crystalline materials naturally exhibit space partitioning and organization making them a suitable medium for the synthesis of many nanostructures. Utilizing LCs as templates for the synthesis can offer remarkable advantages including the ability to control the size and shape of nanomaterials simultaneously by choosing different mesophases and LC compositions. This can be a very versatile pathway for synthesizing semiconductor nanocrystals, and a precise tool to tune their optical and electronic properties as well as their overall functionality for potential applications. 75 Among the different LC materials and phases, LLC phases, namely lamellar, columnar and cubic, have been frequently reported in the literature due to a broad variety of LLC phases which can be organized by various amphiphilic molecules in a well-chosen solvent. The leading synthesis of QDs in LLC phases was reported by Braun and co-workers in 1996.
76
They demonstrated that CdSe and CdS superlattices can be formed in LLC phases formed by nonionic organic amphiphiles in water using a semiconductor precursor. Their results showed that the nanostructures followed the symmetry of the hexagonal LC medium. 76 Inspired by this work, several groups utilized this approach to fabricate metal [77] [78] [79] and semiconductor NPs such as CdSe, 80, 81 CdS, 82 ZnSe, 83, 84 ZnO, 85, 86 and ZnS 87 in LLCs. Among these, the work carried out by Mountziaris et al. for the formation of ZnSe nanostructures seems to be the most intriguing.
83
They have shown that by using cubic, hexagonal and lamellar phases of LLCs in self-assembled ternary systems consisting of a block copolymer as the surfactant, hexane and formamide as non-polar and polar phases, respectively, ZnSe nanostructures of different morphologies could be obtained. More precisely, QDs, nanowires and nanodisks of ZnSe were successfully synthesized using cubic, hexagonal and lamellar LLCs as templates.
Another interesting topic related to the synthesis of QDs is the post-synthesis surface modification of QDs for designated applications. Different surfaces or ligands on QDs can induce different physical and chemical behaviors, and it is often necessary for the surface to be pre-modified for a particular application. 88 Silica encapsulation is one of the most interesting and facile approaches to obtain QDs with characteristic properties such as water solubility, buffer stability, photo-stability, and to prevent the aggregation frequently occurring in colloidal nanoparticle solutions due to ligand dissipation. 89, 90 The latter advantage can be very critical for making robust QDs for the use in LC nanocomposites. There are many reports on the silica coating of QDs via reverse microemulsion [91] [92] [93] [94] [95] [96] [97] and St€ ober methods.
96,98-101
IV. Self-assembly of quantum dots and tuning their properties using liquid crystals
As mentioned earlier, LC-QD composites can have mutually beneficial effects on both optical and electro-optical properties of LC materials as well as on the collective spectroscopic, dynamic and electronic properties of particulate semiconductor QDs. In this section we will focus on the latter topic. Unique properties of as-synthesized colloidal semiconductor nanoparticles that originate from the quantum confinement effect can be harnessed for various applications if one can organize QDs in well-defined morphologies with both control over the orientation and inter-nanoparticle interactions and distances. Only then can QDs exhibit collective properties due to coupling of discrete energy states. For instance, coherent coupling of discrete electronic and excitonic states is the main topic in quantum computational research, 102, 103 while the incoherent long-range energy-transfer mechanism in close-packed assemblies can be useful in photovoltaic devices. 19, 104 However, realizing organized arrays of QDs and manipulating the formed assemblies seem to be challenging in practice because of insufficiencies arising from improper solvents and suitable conditions for assembly, causing the formation of unwanted aggregations of nanoparticles. Other detrimental factors are the low monodispersity and the inadequate solubility of QDs. It has been shown that LC materials can be a very promising medium for assembly and alignment of a variety of nanostructures with fascinating results (see earlier reviews highlighted in the Introduction). The LC materials are self-organized fluids in which the constituent molecules with diverse molecular structures and shapes possess long-range orientational order in one, two or Among the various liquid crystalline phases, the most widely used and well-studied are thermotropic nematic (N-LC) and smectic (Sm) phases (Fig. 4) . Also, mostly these phases have been used as hosts for QD dopants, as described in this article. In N-LCs (Fig. 4a) , all molecules tend to align along one selected direction called the director. The chiral nematic or cholesteric phase (N* or CLC), produced either by chiral nematogens or by addition of a chiral additive, is characterized by a continuous chiral (helical) distortion of the director along the long molecular axis. Smectic phases consist of layers of molecules. In the smectic A phase (Fig. 4b) , molecules are aligned perpendicular to the boundaries between layers; in the smectic C phase (Fig. 4c ) molecules are tilted with respect to the layer normal. If the molecules in a smectic C liquid crystal are chiral, or if a chiral dopant is added, it can display ferroelectric (if molecules in every next layer are rotated slightly with respect to the previous layer) or anti-ferroelectric (when the tilt is reversed from layer to layer) properties. LC materials are also optically anisotropic and therefore are usually birefringent. Their anisotropy allows for the creation and manipulation of macroscopic domains with a defined optical axis, for example, by inducing anisotropy on ordered/pre-treated substrates confining the liquid crystalline sample. Moreover, the molecular orientation in most LC phases can be further controlled reversibly by an external force like electric or magnetic fields. In particular, an applied electric field induces a reorientation of the molecules in the certain LC phases (e.g., N, N*, SmC*, and others), leading to the collective switching of the LC sample by the E-field. In turn, anisotropic ordering of LCs can translate order to nano-sized guest particles, and an external force can selectively reconfigure the assembled array. Some of the recent papers on assembly of semiconductor QDs and nanorods as well as on tuning their electro-optical properties by LCs are summarized in Table 1 .
In most of these articles, the authors demonstrated effective self-assembly of quasi-spherical QDs or nanorods induced by the LC medium. An exceptional example is the work of Basu and Iannacchione, 109 who demonstrated the assembly of CdS QDs into nanoscale macroscopic chain-like configurations (Fig. 5) .
The authors used indirect techniques to demonstrate the presence of anisotropic assemblies by measuring dielectric properties and the relaxation times of the LC-QD colloidal mixture. It was shown that doping nematic 5CB with CdS QDs led to longer relaxation times, which could not be explained by the simple increase of the material's viscosity due to very low concentrations of the dopant. Therefore, slower relaxation is explained by the presence of long anisotropic ''pearl-necklace'' strands made of QDs. Also, measurements of the dielectric anisotropies of the colloid below and above the Fr eedericksz threshold in comparison with pure 5CB demonstrated considerable changes in the dielectric response due to the presence of the QDs. This result points to the existence of highly anisotropic structures aligned along the director of the LC. Measuring the dielectric response of the same materials at elevated temperatures above the clearing point of the LC showed that the QDs in the absence of the ordered nematic matrix are probably homogeneously distributed and do not form self-assembled arrays. Another example of the assembly of QDs in nematic 5CB has been discussed by Ghosh and co-workers. [105] [106] [107] They have shown that nanodisks of GaSe at concentrations up to 10% assemble into ordered aggregates each composed of 15-60 GaSe nanodisks in the nematic phase of 5CB. 105, 106 Emission spectra, optical textures and size distribution of GaSe clusters in the NLC mixture are shown in Fig. 6 .
Their investigation using spatially and polarization-resolved PL spectroscopy coupled with confocal microscopy not only revealed the spatial distribution and orientation of nano-sized aggregates but also showed the effect of a well-defined director configuration of the NLC in the mixture sandwiched between rubbed polyimide coated films as well as an applied in-plane electric field on the inter-dot-dependent intensity of the emitted light by QD aggregates in the NLC mixture (Fig. 7) . The wavelength and polarization analysis of the emission maps indicated strong anisotropic absorptions and emissions emerging from the assembled stacks of QDs in the NLC while the QD-toluene samples remained isotropic.
Following their research on QD-based optical materials, Ghosh and co-workers have also studied composites of coreshell CdSe-ZnS QDs emitting at 609 nm with an LC host material showing a cholesteric phase. 107 This cholesteric mixture was composed of 60% cholesteryl oleyl carbonate and 40% nematic 5CB and exhibited a cholesteric pitch of about 600 nm at 25 C. They selected this type of QDs in such a way that the emission has a significant overlap with the reflection stop band of the CLC. In these experiments Cano-wedge cells were used in which CLCs show textures known as Grandjean steps under polarized light due to formation of different pitch lengths ( Fig. 8a and b) . Their results indicate that CLC phases can be utilized as a one-dimensional photonic band-gap material which enables tuning of the emission of assemblies of QDs by spatially changing the pitch of a CLC host using these wedge cells (Fig. 8c-e) .
In another study, both the mechanism of QD alignment using an anisotropic LC medium and the possibility for the fabrication of multifunctional switchable devices have been explored. 108 In general, QD self-assembly in LCs depends on particle surface properties and concentration in the LC medium. The authors observed interesting structures and a phase behavior in nematic, cholesteric and smectic LCs by varying these parameters using both polarized optical and fluorescence microscopy.
While higher concentrations of QDs led to the appearance of large fractal-shaped aggregates, lower concentrations did not tend to aggregate, but still affected the LC host. In particular, in the cholesteric phase, adding QDs led to a change in a helical pitch. In order to study QD pattern formation, the authors compared images of the same LC-QDs sample taken by polarized and fluorescence optical microscopy (Fig. 9) . The formed QD pattern did not coincide with the defect walls in either the nematic or the cholesteric phase. This suggests that the obtained pattern formation resulted from the phase transition of the LC host from the isotropic phase to the nematic/cholesteric phase, i.e. the QDs remained in the isotropic islands, where they are better soluble, for as long as possible during the phase transition until the isotropic islands disappeared.
V. Modulating liquid crystal properties via quantum dot doping
Over the last decade, along with continuing efforts focusing on the creation of novel metamaterials and devices based on assembled arrays of semiconducting nanoparticles in LC nanocomposites, there has been a steady increase in the number of articles describing the use of nanomaterials as additives in LC phases. Zero-and one-dimensional nanomaterials with metallic, semiconducting, ferromagnetic, or ferroelectric characteristics have been investigated in mixtures with LCs for optimizing optical and electro-optical properties of the host LC and in some cases applications in device and display industries are emerging. Dispersions of different types of nanomaterials, particularly metallic NPs, in LCs were discussed earlier. For more in-depth information, a reader should refer to the following review articles.
1-3
In the following section we will only review mixtures of LCs with semiconductor nanoparticles. Semiconductor QDs and nanorods can have effects on optical and electro-optical properties of LCs and, depending on their elemental composition, can potentially induce several new effects, unlike those seen in the well-studied metallic nanoparticle LC colloids. Aside from the fact that QDs are a new promising platform for research on modulating LC properties, they also facilitate LC-NP research by providing two advantageous tools in understanding the intriguing interactions between molecules of an LC host and nanoparticles. First, the size-dependent photoluminescence of QDs allows, in principle, the use of size-separated batches containing predominantly monodisperse QDs. This can be very important in systematic investigations of LC-NP interactions, since a comprehensive understanding of many puzzling effects requires the change of only one NP parameter at a time (similar to all other structure-property relationships in LCs), such as the NP size (average size and size distribution), while other parameters like NP composition and surface functionality are kept unchanged. It is worth pointing out that despite the fact that there have been significant advancements in syntheses of metallic and semiconducting NPs, obtaining a series of these particles varying in one parameter only, such as the size or surface, is still practically challenging in cases when pure and stable NPs are required for maximal LC property optimizations. Overall, QDs seem to be the better candidates compared to other types of NPs in terms of synthesis versatility and size homogeneity. Another rationale for the advantage of QDs over metallic NPs is the wide variety of available QD compositions as highlighted in the Synthesis section above.
The second advantageous point in doping LCs with QD is also related to their size-dependent emission, when photoluminescence measurements coupled with confocal polarized microscopy techniques are used as an analytical tool to trace the distribution and orientation of QDs in the LC host (i.e. fluorescence confocal polarizing microscopy, FCPM). These techniques allow for a much more detailed picture of the spatial distribution and optical defects of QDs in LC.
Despite such promising features, examples of modulating LC properties using QDs are still rather rare in comparison to their metal-based NP counterparts. The increasing number of examples using QDs as additives in LCs shows the great promise and capacity of this field. Table 2 summarizes recent articles on the topic. The discussion here will be limited to QDs capped mainly with aliphatic amines and phosphines, thiols and fatty acids. Because of their hydrophobic nature and better solubility in organic solvents, these QDs are likely to be of more interest due to their predicted better dispersibility in LC phases composed of rod-or disc-like molecules featuring flexible alkyl chains.
Since 2004, our group has been actively engaged in systematic studies of optical and electro-optical effects of different NPs namely Au, Ag, CdSe and CdTe QDs of various sizes and with multiple surface functionalities in nematic, smectic and columnar LC materials. In 2008, we reported that mixtures of two types of CdTe QDs of two different sizes (3.5 and 4.1 nm) capped with a mixed monolayer consisting of thioglycolic acid and hexane or dodecane thiolate, respectively, in nematic 5-n-heptyl-2-(4-noctyloxyphenyl)-pyrimidine (Felix-2900-03) and 4-octyl-4 0 -cyanobiphenyl (8CB) showed lower threshold voltages, V th , and altered dielectric permittivities (3 || and 3 t ). 126 The results obtained from electro-optic measurements using these two CdTe QDs as additives indicated that the QDs with shorter alkyl chain length in the capping layer induced more pronounced effects regarding the electro-optic parameters of the N-LC used in comparison to other QDs and even gold NPs at the same size-regime.
126
In another study focusing on nematic LC-QD composites, data collected from optical as well as electro-optic measurements indicated that different LC-QD mixtures depending on the size, capping agent and concentration of added CdSe and CdTe QDs can have different aligning and electro-optic characteristics. 127 The five investigated CdSe QDs varied in size from 2.5 to 5.2 nm, and the four CdTe QD sizes ranged from 3.2 to 4.0 nm. The miscibility of these QDs in Felix-2900-03 showed clear size-dependencies. Polarized optical microscopy (POM) studies of different concentrations of these QDs in Felix-2900-03 established that the mixture doped with 2 wt% CdSe QDs in Felix-2900-03 favored homeotropic (vertical) alignment of the N-LC molecules with the commonly observed birefringent stripe patterns between plain glass slides and planar alignment in planar electro-optic cells (Fig. 10 ). Samples doped with 1 wt% of CdSe showed homeotropic alignment not only within plain glass slides but also in the planar cells, indicating that above 1 wt% these QDs began to aggregate also in the bulk, in addition to the segregation of the QDs to the substrates responsible for the induced homeotropic alignment (see below). In all LC-QD composites, decreases in the threshold voltage (V th ) and the splay elastic constant (K 11 ) were observed. The most significant reduction over the entire temperature range, however, was seen for the smallest QD, CdSe480 (2.5 nm in core diameter), which clearly showed the least tendency of all investigated QDs to aggregate in this nematic host (see Fig. 10 ; aggregation is clearly visible for CdSe590 in the inset image of Fig. 10d taken with parallel polarizers).
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The CdTe QDs in this series were capped with thioglycolic acid rendering the QD surface hydrophilic, i.e. soluble in water or alcohol-water mixtures. However, we were able to demonstrate that such hydrophilic-capped QDs can be dispersed in quasi nonpolar N-LCs like Felix-2900-03 with two terminal hydrocarbon chains. 127 This would be indicative of the fact that both the solubility and dispersibility in an N-LC with flexible alkyl chains do not necessarily require a hydrophobic capping agent. POM studies of the CdTe doped samples containing lower concentrations of the QDs (up to 2 wt%) showed similar optical and alignment behaviors in the nematic phase as pure Felix-2900-03 (planar alignment between plain glass slides and in rubbed polyimide EO cells, see Fig. 11 ). Higher concentration (>2 wt%) of CdTe caused small changes in V th (lower values) and K 11 for the mixture. 127 The results of POM studies of this type of CdTe QD were particularly surprising. It appeared that planar anchoring of the N-LC molecules to the QD surface induced by the hydrophilic capping favored planar alignment in thin films. This was in contrast to the previously observed homeotropic alignment, independent of the thermal and electric field history, in mixtures with the same nematic host doped with CdTe QDs (4.1 nm, emission at l ¼ 620 nm) capped with a mixed monolayer of thioglycolic acid and dodecane thiolate, 126 similar to our frequently used mixed monolayer-capped gold NP.
2,140 These mixed monolayer CdTe QDs also decreased V th values more significantly than the thioglycolic acid-capped CdTe QDs investigated later.
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In yet another series of QD-LC composites we examined three types of monodisperse or so-called ''magic-sized'' CdSe QDs with identical size and surface functionality but slightly different structural defects and compositions. All three types of CdSe dots (QD1-QD3) are 2 nm in core diameter and identically capped with myristic acid. The first two (QD1 and QD2) had different surface defect states due to differences in the preparation protocol 67 and the number of ligands on the surface (indicated by different deep trap PL emissions, Fig. 12 ), whereas QD3 was compositionally different with the addition of zinc atoms to the CdSe nanocrystals (CdSe@Zn). Interestingly, only mixtures of QD3 in the nematic phase of Felix-2900-03 showed the characteristic birefringent stripes surrounded by homeotropic domains between plain glass slides ( Fig. 13) over the entire concentration range and only these mixtures displayed altered values for V th , dielectric anisotropy (D3) and splay elastic constant (K 11 ).
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Fluorescence confocal polarized microscopy (FCPM) was also utilized for studying the spatial distribution of the QDs in the nematic phase of the LC as well as their aggregation and segregation behavior within the fabricated LC-NP films. The essence of this technique is the three-dimensional imaging of the liquid crystal director orientation by measuring the fluorescence intensity of a dissolved dichroic dye. 132 The confocal microscope, additionally equipped with a polarizer, a quarter wave-plate, an analyzer and an interference beam splitter, enables the illumination of the sample with linearly polarized (lp) and circularly polarized (cp) light. As a result, output intensities of lp-and cplight are related to the director orientation in the LC cell as follows:
where 4 and w are the azimuthal and polar angles of the director with respect to the plane of the cell. The obtained intensities allow the reconstruction of a 3D-profile of the LC director in the cell. These FCPM studies through the x-y plane (2D) and x-z plane (obtaining a 3D view of the LC-NP sandwiched cell) indicated that the aforementioned birefringent stripes are induced and stabilized by the presence of the QDs representing domains with an average planar orientation of the director, whereas dark regions feature homeotropic alignment of the LC molecules (Fig. 14) . 128, 129 A suite of such images is also shown on the cover of this issue.
Two other examples of doping LCs with CdSe QDs we wish to highlight are reports by Anczykowska et al. as well as Kumar and co-workers. The first group demonstrated how incorporating 4 nm CdSe QDs into a photoconductive polymer layer of a fabricated 5 mm cell as well as into the bulk of the LC can enhance diffraction efficiency of the nematic LC mixture. 131 It was shown that doping LCs with semiconductor QDs as well as with metallic NPs could help to develop and optimize faster and more efficient holographic materials (Fig. 15) .
Kumar and Sagar studied the effects of different concentrations of CdSe QDs (2.3 and 3.5 nm) capped with mixed-monolayer of TOPO and octadecylamine on the LC phase behavior of a discotic columnar phase formed by a triphenylene derivative (H4TP). 134 Their results including data obtained with SAXS measurements indicated that in all composites that form the Col h phase, mesophases remain largely undisturbed with the exception of a minor shift in transition temperatures. This is also supported by differential scanning calorimeter (DSC) thermograms as shown in Fig. 16 . Most notably, these composites exhibited an enhancement in the DC conductivity when compared with pure H4TP.
Other combinations of CdSe QDs in the form of core-shell semiconductor nanocrystals have been applied to LC composites as well. Two groups have used CdSe-ZnS QDs as dopants to modulate the electro-optical properties of the nematic phase of cyanophenyl-based mixtures. Here, a decrease in the ON and OFF switching times (rise and fall times) 132 with larger CdSeZnS (4.5-6 nm) as well as reduced V th values, phase delay and dielectric permittivity 133 with smaller particles (3.5 nm) have been demonstrated separately.
Another emphasis of recent research dealing with LC-QD colloids focuses on tuning ferroelectric LC (FLC) materials by doping with QDs such as CdTe, ZnS and ZnO. Kumar and coworkers presented results on FLC-QD composites by publishing several papers in the field. [135] [136] [137] [138] [139] They presented and discussed concentration-dependent effects on dielectric and electro-optical parameters of an FLC material after doping with CdTe QDs.
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The results indicated pronounced memory effects, enhanced values of physical parameters like spontaneous polarization and rotational viscosity at lower concentrations of CdTe QDs (1-3 wt%) and changed alignment (at higher concentration of CdTe QDs, greater than 5 wt%) in the doped-FLC material, similar to our alignment scenarios in nematics. These results may eventually have an impact on the practical application of FLC-based devices. Their fascinating properties such as bistability and ultrafast switching rates promised a great future, but due to numerous technological complications such as formation of zigzag defects they were only able to occupy a niche area of micro-display LCOS devices. One of those complications is the necessity for very small cell gaps (<2 mm) to ensure a surface-stabilized mode that suppresses the intrinsic helix of the chiral SmC* ferroelectric phase. A possible advantage of QD-doped FLC materials is the possibility of using thicker cell gaps, as both the memory effect and bistability are the result of interactions of the FLC molecules with the CdTe-QDs capped with poly-3-hexylthiophene (P3HT) in contrast to the common surface stabilization. Both the memory effect and electrical bistability depend on the QD capping agent, that is, in this case the conductive polymer P3HT. The application of a DC bias across the QD doped FLC layer induces charge transfer from FLC molecules to CdTe-QDs. The P3HT provides a low resistive path to the charges in reaching the QDs. The charge is stored in CdTe-QDs and can remain there for minutes after removal of the DC bias. This charge makes the nearby FLC molecules stay in the switched state, which leads to the memory effect. The FLC molecules form a helix in the SmC* phase and show a higher value of dielectric permittivity (3 0 ) due to the contribution of the so-called Goldstone mode that corresponds to the rotation of the molecules around the director cone. Application of DC bias leads to unwinding of a helix and suppressing the Goldstone mode. The material exhibits memory upon removal of the bias, the helix remains in the unwound state with the lower value of 3 0 . Fig. 17 from ref. 135 demonstrates results of the memory effect in CdTe QD-doped FLC for various FLCs and cell gaps. Fig. 17d demonstrates the memory effect for larger cell gaps (10 mm).
The authors also reported that a small percentage ($3 wt%) of CdTe QDs in various FLC mixtures induced a uniform homeotropic alignment (dark state). With one of the FLC mixtures (CS1026) with positive D3, it was possible to switch the cell to a homogeneous configuration (bright state) by applying a high DC voltage (Fig. 18) . 137 A change of the sign of D3 at some temperatures was shown to cause this effect (Fig. 19) .
Other types of QDs in FLC mixtures and their electro-optical effects were investigated as well. Biradar et al. showed that ZnO NP-doped FLC mixtures display lower switching voltage and higher optical tilt angles compared to the un-doped FLCs. 139 The effects were explained by the larger dipole moment of ZnO-NPs enhancing the anchoring of FLC molecules around ZnO semiconductor NPs.
Also, ZnS in FLC mixtures can have a concentration-dependent impact on increasing the intensity and wavelength of photoluminescence in doped FLC mixtures (Fig. 20) . 138 An enhancement in the PL intensity and a red shift in the maxima of the PL emission wavelength were observed for the FLC host doped with ZnS QDs. The PL emission from the ZnS QDs was thought to combine constructively with that of the FLC yielding the enhanced PL intensity. On the other hand, the FLC itself provided strong light scattering and improved the PL intensity of the composite. The red shift was caused by the change in the effective refractive index of FLC due to different concentrations of the ZnS QDs.
VI. Conclusion and outlook
Explorations of new aspects of soft matter nanoscience along with advancements in the synthesis of semiconductor QDs and nanorods coupled with an enhanced experimental and theoretical understanding of their optical and electronic properties at ensemble and single-particle levels are opening new doors for creation of novel photonic devices from tuneable assembled arrays of QDs in LC mixtures. Simultaneously, application of nanoparticles as dopants for improving LC properties is gaining more attention with the hope for innovation of new LC mixtures with higher quality and less energy consumption for the next generation of display technology. Here QDs emitting white light would be extremely useful candidates. 141 However, this demands more interdisciplinary investigations to address many questions regarding the role of intrinsic electronic properties at the atomic level in the size, shape, surface coating, aggregation and other interferences in particles at the nanoscale. Besides, further research on the practical aspect of this field in terms of improving characterization techniques and increasing quality of LC-QD composites by maximizing homogeneous dispersion is indispensable. In this regard, exploration of liquid crystal motif-capped QDs will prove to be a valuable strategy. Finally, aside from the use of QDs as analytical emissive tracers (using FCPM) furthering the understanding of processes in nanomaterial-doped LC mixtures, the manipulation of QD properties using LCs, for example for photonic bandgap structures, appears to be the most promising avenue for future research in this field. 
